Phytochelatins are a class of heavy-metalbinding peptides previously isolated from cell suspension cultures of several dicotyledonous and monocotyledonous plants. These peptides consist of repetitive y-glutamylcysteine units with a carboxyl-terminal glycine and range from 5 to 17 amino acids in length. In the present paper we show that all plants tested synthesized phytochelatins upon exposure to heavy metal ions. No evidence for the occurrence of metallothionein-like proteins was found. All data so far obtained indicate that phytochelatins are involved in detoxification and homeostasis of heavy metals in plants and thus serve functions analogous to those of metallothioneins in animals and some fungi. Phytochelatins are induced by a wide range of metal anions and cations. Phytochelatin synthesis in suspension cultures was inhibited by buthionine sulfoximine, a specific inhibitor of y-glutamylcysteine synthetase (EC 6.3.2.2). This finding and kinetic studies of phytochelatin induction point to a synthesis from glutathione or its precursor, r-glutamylcys-
teine, in a sequential manner, thereby generating the set of homologous peptides.
Phytochelatins are small, cysteine-rich peptides capable of binding heavy metal ions via thiolate coordination. They primarily form a Mr 3600 complex with cadmium. Phytochelatins are assumed to be involved in the accumulation, detoxification, and metabolism of metal ions such as cadmium, zinc, copper, lead, and mercury in plant cells (1) . The general structure ofthis set of peptides is [Glu(-Cys)]n-Gly (n = 2 to 8). Two of these peptides (n = 2 and 3) have been observed in the yeast Schizosaccharomyces pombe (2) , and we extended these findings to the same class of chelating compounds (n = 2 to 8) known to be present in higher plants (3) .
The y-glutamyl linkages present in these peptides imply that they are not synthesized via mRNA. In contrast, metallothioneins isolated from mammals, Drosophila, sea urchin, and the fungi Neurospora and Saccharomyces are primary gene products (4) (5) (6) (7) (8) . They are low molecular weight, heavy-metal-binding proteins with high cysteine content, and their sequences have been strongly conserved during evolution, as evidenced by sequence homology between the metallothionein of Neurospora and that of humans (7) . Their functions are not known definitively but are at least assigned to detoxification and homeostasis of heavy metal ions (9, 10) .
In the present work, we investigated the ubiquity and possible functions of phytochelatins in higher plants, as well as the presumptive involvement of glutathione (1) Gel Filtration. According to the method of Wagner (13) , leaves of B. oleracea were extracted, and the extract was applied to a Sephadex G-50 (Pharmacia) column (2.5 x 51 cm) equilibrated and developed with 25 mM potassium phosphate buffer (pH 7.5). The Cd2+ concentration of the fractions (5.0-ml volume) was measured by atomic absorption spectrophotometry (Perkin-Elmer model 300, flame mode). In order to determine the apparent molecular weight, 0.4 mg of the Mr 3600 phytochelatin-Cd complex isolated from R. serpentina was subjected to gel filtration (Sephadex G-50 column, 1.5 x 60 cm, flow rate 12 ml/hr) at various ionic strengths [5 mM or 10 mM Tris Cl (pH 7.8) plus KCl]. At each ionic strength employed, the column was calibrated with the molecular weight standards bovine serum albumin (Mr 67,000), ovalbumin (Mr 44,000), soybean trypsin inhibitor (Mr 22,100), cytochrome c (Mr 12,300), insulin (Mr 6000), insulin chain B (Mr 3450), bacitracin (Mr 1450), and bradykinin (Mr 1060). Elution was monitored by measuring the UV absorbance at 250 nm and 280 nm.
Assay for Phytochelatin. Unless otherwise stated, plant material was exposed to heavy metal ions, added to the nutrient solution, for 3 days. Differentiated tissues were frozen in liquid nitrogen prior to homogenization by mortar and pestle. These tissues and sucked-dry cell suspension cultures (0.40 g fresh weight) were suspended in a solution (0.4 ml) containing 1 M NaOH and 1 mg of NaBH4 per ml. After sonication and centrifugation (5 min, 11 ,000 x g) of the sample, the supernatant (0.5 ml) was acidified with 3.6 M HCl (100 ,u). Precipitated material was sedimented again, and the cleared extract was separated by HPLC as described (1), followed by an additional post-column derivatization with 75 ,uM 5,5'-dithiobis(2-nitrobenzoic acid) [Ellman's reagent (14) ], which is specific for sulfhydryl groups, in 50 mM potassium phosphate buffer (pH 7.6) (flow rate 2 ml/min, detection at 410 nm). Induction of sulfhydryl-containing compounds was tested by comparing chromatograms of extracts from heavy-metal-treated and untreated plant material. As a control, a second HPLC separation of the extract was performed without application of Ellman's reagent. Glutathione synthesis was inhibited by L-buthionine (S,R)-sulfoximine (Sigma).
Isolation and Sequence Determination. The phytochelatin-Cd complex was isolated, and the individual peptides were purified by HPLC as described (1 Chromatogram of sulfhydryl-containing material from Cd2+-exposed plants. Purified phytochelatin isolated from leaves of B. oleracea (A) was analyzed by HPLC, as well as crude extracts from cell suspension cultures of S. cucubalus (B) and A. tenuis (C) and from roots of Z. mays (D), L. esculentum (E), and E. crassipes (F). For A and E, plants were treated for 3 weeks with 90 ,uM Cd(NO3)2 according to Wagner (13) , whereas the other tissues were exposed for 3 days to 20 ,uM Cd(NO3)2. The peaks corresponding to the individual phytochelatins are shaded and are identified by index number (n, the number of y-glutamylcysteine units). The unshaded double peak corresponds to cysteine, which was eluted at a lower retention time, and glutathione. Samples from plants not exposed to Cd2+ contained either no phytochelatin or only negligible quantities (A410 < 0.0005 in this assay). ular weight of phytochelatins upon ionic strength during gel filtration (Fig. 3) . At high ionic strength (>0.3 M), the Cd2+ complex isolated from R. serpentina has an apparent molec- ular weight of 3600, but this value increases to 8000 at low ionic strength. A similar dependence has been noted for metallothioneins (22) . We conclude that the molecular weight of the native metal-containing phytochelatin complex is 2000-4000 (23-26), rather than the %10,000 observed at low ionic strength (13, (15) (16) (17) (18) (19) (20) (21) . We reexamined the heavy metal metabolism in S. cucubalus (19) and A. tenuis (23) cell cultures, as well as in plants of L. esculentum (26) and Z. mayst. Our results showed that phytochelatins were the only inducible heavymetal-binding substance (Fig. 2 B-E) . From Cd2+-exposed water hyacinths (E. crassipes), Fujita (24) isolated a compound whose properties suggested a similarity to the Cd2+-binding peptides from Schizosaccharomyces pombe (2) . This assumption is now confirmed (Fig. 2F) . These data imply that the heavy-metal-chelating principle in higher plants as well as in plant cell cultures is phytochelatin. The previously reported amino acid compositions of metal-binding "proteins" (13, 15, 19, 23) reported experiments with this plant (13). We did not detect induction of the metal-binding peptides after heat shock or cold acclimation under conditions that induce synthesis of specific proteins (27, 28) .
The most potent inducer is Cd2+, resulting in the formation of phytochelatins containing up to 11 y-glutamylcysteine residues. The largest phytochelatin peptide so far detected by HPLC has a molecular weight of 2630 in the metal-free form. Metal analysis ofpurified phytochelatin-Cd complex isolated from R. serpentina gave 14.4% Cd, 0.038% Zn, and 0.04% Cu. The cells had been exposed for 5 days to 200 gM Cd(NO3)2 in addition to the regular amount of Zn2+ (37 gM) and Cu2+ (0.1 gM) present in the medium (11) .
Involvement of Glutathione in Phytochelatin Biosynthesis. Kinetic studies were conducted to determine the rate of phytochelatin formation in plant cells after heavy metal exposure. We attempted to elucidate the expected role of glutathione [Glu(-Cys-Gly)] in phytochelatin formation (1), first by monitoring the level of both glutathione and phytochelatin during induction, and second by specific inhibition of glutathione biosynthesis prior to heavy metal exposure.
For study of the time course of phytochelatin synthesis, cells of R. serpentina were inoculated in Zn2+-and Cu2+-free medium, and after 3 days 200 ,M Cd(NO3)2 was added to the vigorously growing culture. Immediately after Cd2+ administration, only phytochelatin containing two y-glutamylcysteine units was synthesized (Fig. 4) . Concomitant with the synthesis of this peptide, a decrease in the cellular glutathione pool was observed. In fact, incorporation of y-glutamylcysteine residues into phytochelatin almost equaled the level of glutathione consumption for the first 3 hr after induction. In vivo, pulse-chase experiments using 35S-labeled glutathione were in perfect agreement with this observation (data not shown). This decrease in glutathione was not observed in control cells to which Cd2+ was added after homogenization. While [Glu(-Cys)]2-Gly was formed rapidly, the other phytochelatin peptides appeared only after induce the peptides. Phytochelatin formation was reduced 62% and 94%, respectively, in cells treated with 0.2 mM and 2 mM buthionine sulfoximine, as compared to control cells at maximal phytochelatin induction. Buthionine sulfoximine did not appear to be toxic to cells not exposed to heavy metal ions: the dry mass of the cells was 13.4 g/liter for the control and 13.9 and 13.1 g/liter for the cells treated with 0.2 mM and 2 mM buthionine sulfoximine, respectively. However, a significant growth retardation of buthionine sulfoximinetreated cells (0.2 mM and 2 mM) was registered after a 3-day exposure to 35 uM AgNO3, accounting for 21% and 67%, respectively, as compared to the control. These data suggest a biosynthesis of phytochelatins via glutathione and/or its biosynthetic precursor y-glutamylcysteine.
Apparent Function of Phytochelatin. In order to study the possible role of phytochelatin in detoxifying metal ions, R. serpentina was exposed to 50 ,uM Cu2+ ions, and the effect on cell growth and phytochelatin induction was recorded. As shown in Figs. 4 and 6 , the basal level of phytochelatin expression was zero or close to zero in plant cells grown in medium without the metal ions Zn2+ and Cu2+. Upon heavy metal addition, the synthesis of phytochelatin was triggered. Coincident with phytochelatin induction, cell growth ceased for about 10 hr, presumably due to the inhibition of primary metabolism by toxic ion concentrations (30) . Two days after 12. 2 ) these low molecular weight peptides were inducible and have been shown here to be phytochelatins. Since there is no rigorous selectivity for the uptake of ions in plants, these organisms had to develop a general system for inactivation of toxic ions. The phytochelatin peptides serve this function. Phytochelatins are already induced at physiological heavy metal concentrations. Cell cultures revealed oscillating levels of heavy-metal-binding peptides with maxima several days after transfer into fresh medium and minima at stationary phase. Therefore, phytochelatins may also be involved, as a degradable storage form, in the homeostasis of Zn2W, Cu2+
Ni2+, and possibly other heavy metal ions necessary for plant growth and full development.
The time course of phytochelatin induction and the reduction of phytochelatin formation following inhibition of glutathione synthesis suggested that the phytochelatins are synthesized from glutathione or its precursor, y-glutamylcysteine. This is supported by the recent observation that homoglutathione [Glu(-Cys-j8Ala)]-containing plant species of the order Fabales synthesize phytochelatins in which the carboxyl-terminal glycine is replaced by P-alanine (33) . Thus, the class of peptides could be enzymatically produced by stepwise condensation of y-glutamylcysteine moieties to glutathione itself and to the growing phytochelatin chain. The mode of formation will need to be clarified by the identification and characterization of the enzyme(s) involved in phytochelatin biosynthesis.
S-conjugates of glutathione are well-known intermediates in the biotransformation of some drugs in eukaryotic cells (34) , and glutathione is apparently involved in the excretion of Cd2+ in the bile (35) . Presumably, phytochelatins chelate heavy metal ions by a rather similar mechanism of cytoplasmic detoxification. This mechanism is realized in plants and in certain fungi. In Saccharomyces cereviseae and Neurospora (where no phytochelatins were identified) and in animals the structurally different metallothioneins have evolved. Thus, a fundamental evolutionary divergence in heavy metal sequestration has occurred between animals and plants.
